A significant effort is made by the industry through analyses and field monitoring to ensure delivery of safe and reliable wells. Fatigue analysis is an important aspect of well integrity assurance. Structural fatigue damage arises from stress changes caused by environmental cyclic loads acting on the riser system. In practice, the conductor-soil interaction under cyclic loading is modeled using the soil resistance-displacement (P-y) springs. Use of an appropriate soil model is essential for accurate determination of the fatigue damage. The American Petroleum Institute recommendations (API 2011) for P-y curves, which are often used for conductor-soil interaction analysis, have originally been developed for piled foundation and are inappropriate for well fatigue analysis. To that end, a new approach was developed by Zakeri et al. (2015) to derive P-y curves specifically for well fatigue analysis. Ultimate performance of each soil model can be determined and verified with field monitoring. This paper presents results of a field monitoring campaign for a well drilled in 354 ft water depth within a complex seabed stratigraphy comprising sands (loose to dense) and clays (very soft to stiff). Design, calibration and verification of the riser/conductor structural model using field data are presented in a companion paper (Ge et al. 2017) . Herein, the effect of soil modeling on wellhead fatigue is discussed and predictions made with the API (2011) and the Zakeri et al. (2015) soil P-y springs are compared to field monitoring data. For the case presented herein, the results indicate that the Blowout Preventer (BOP) stack motion response is significantly affected by the soil stiffness and modeling methods. The predictions made with the Zakeri et al. (2015) model provided BOP response similar to those observed in the field both above and below the mudline. Whereas, the analyses done with the API (2011) model significantly overestimated the 'measured' conductor fatigue life above the mudline and underestimated it below. The results of this monitoring program are a step forward in better understanding system behavior of offshore wells.
Introduction
For offshore drilling operations, the assessment of wellhead and conductor fatigue life is one of the most important aspects of drilling system integrity assurance. The new generation drilling vessels with taller and heavier Blowout Preventer (BOP) stacks, which are used for deep wells and harsh environments, tend to reduce the wellhead and conductor fatigue life. To this end, the wellhead and conductor fatigue is generally predicted prior to each drilling campaign by performing finite element simulations including field specific environment and soil data. In the structural model, the soil resistance acting on the conductor is generally defined by Winkler type springs in the form of soil resistancedisplacement (P-y) curves. The soil model directly affects the amplitude of stress cycles predicted in the conductor. Therefore, a reliable soil P-y model is required for accurate conductor fatigue estimates.
The industry standard approach to model the soil response uses backbone P-y curves for piles described in the API recommendations (2011) . The API soil P-y model was originally developed for ultimate limit state design of pile foundations for steel jackets subjected to monotonic and cyclic storm or hurricane loading. Therefore, Zakeri et al. (2015) presented a new soil P-y modeling methods specifically developed for wellhead and conductor fatigue assessment. The new model is based on the unload-reload stiffness (secant stiffness) of disturbed soil at the steady-state condition and was verified by extensive physical testing in a geotechnical centrifuge and complementary numerical modeling (Zakeri et al. 2015 (Zakeri et al. , 2016a (Zakeri et al. , 2016b . The fundamental difference between API (2011) and Zakeri at al. (2015) models occurs at the small displacement ranges where fatigue motions typically occur. Based on the test results by Zakeri et al. (2015) , the API model is believed to be too soft at small displacements and is not suitable for well fatigue assessment. In comparison, Zakeri et al. (2015) model exhibit stiffer response at small displacements and takes into account the soil stiffness degradation due to cyclic loading.
Few studies evaluating the Zakeri et al. (2015) model based on field data have already been reported in literature (Kannala et al. 2016 , Myhre et al. 2015 , Lindstad et al. 2015 . While the method proposed performs very well in predicting the wellhead fatigue damage from the model test, the reliability of the new method needs to be verified using field data collected during a drilling campaign. More field verification programs such as that presented herein are needed. Furthermore, this paper is believed to be the first ever documented comparison of fatigue results based on monitoring data using both API (2011) and Zakeri et al. (2015) soil models.
Riser and wellhead monitoring has been widely used to support drilling operations and confirm the integrity of riser systems. The monitoring data is often used to facilitate decision making during extreme or unusual events in the field and can help prevent costly delays. Furthermore, the measurements can be used to understand the level of accuracy present in the up-front fatigue analysis and calibrate the fatigue analysis for better fatigue prediction (Howells et al. 2015 , Ward et al. 2013 ) An instrumented drilling campaign in a water depth of 354 ft is selected in this study to verify the reliability of the Zakeri et al. (2015) model and highlight the difference between conductor fatigue estimates based on API (2011) and Zakeri et al. (2015) models.
The BOP stack inclination-displacement ratio is considered as a soil model verification parameter in this study. The BOP stack motion ratios from field data and analysis model are calculated and compared for API and Zakeri et al. (2015) models. In addition to the soil model, some other analysis model parameters including top tension, mud weight, BOP stack hydrodynamic coefficients etc. need to be considered in the analysis model calibration using field data. This is discussed in detail in a companion OTC 2017 paper (Ge et al. 2017) . BOP stack natural frequency and fixity point estimates are used as key parameters to calibrate analysis parameters based on field data.
Wellhead Fatigue Assessment using Monitoring Data
A drilling riser and conductor monitoring system generally includes loggers attached to the wellhead or the BOP system, which are used to determine the motions and stresses in the wellhead and conductor system. High precision accelerometers and angular rate sensors are often used to monitor the motion response of drilling riser and wellhead systems. Motion measurement can provide a simpler, lower cost and more robust solution than direct strain measurement.
Fatigue integrity of a wellhead and conductor system can be verified using monitoring data. Measured motion data is used in conjunction with a predefined transfer function that relates motion to stress, generated from analysis, to obtain the fatigue life at the fatigue critical location as shown in Figure 1 . The transfer functions rely on the accuracy of the finite element analysis (FEA) model used and its associated soil model. Therefore, a reliable soil model is important for obtaining an accurate fatigue prediction.
Transfer functions are generated by conducting free vibration analysis. An initial displacement, ∆, of 0.1 ft is applied at the top of the Lower Marine Riser Package (LMRP) and then released in dynamic analysis. The free vibration analysis is performed for disconnected riser (the riser is disconnected above LMRP). The inclination-displacement ratio is calculated from the displacement and angle timetraces extracted from free vibration analysis.
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From the analysis, a linear regression equation is derived between motion timetrace at the BOP stack logger location and the stress timetrace at the fatigue critical location. The measured motion derived from measurements is combined with a predefined transfer function in order to produce a stress timetrace at the location of interest. Fatigue damage at the point of interest is then computed using the S-N curve design approach and the Rainflow stress counting method. 
Soil Model Verification Methods using Monitoring Data
One method that can be used for soil model verification is to compare the BOP stack natural frequency and the fixity point estimates obtained from measurements and predictive analysis (Ge et al. 2017 ). The BOP natural frequencies are calculated from measurements using angular rates from riser and LMRP sensors. In order to determine the BOP natural frequency from the analysis model, random wave analysis is conducted and the angular rate timetraces are extracted at the riser and LMRP logger locations. The fixity point estimates from measurements are calculated from displacement and angle timetraces derived from logger accelerations and angular rates. The predictive fixity point estimate is calculated from displacement angle timetraces extracted from analysis.
A method to verify the soil stiffness is presented in this paper. The soil model verification is performed by comparing the BOP stack inclination-displacement ratio from monitoring data with that from analysis. For monitoring data, the inclination-displacement ratio is calculated by computing the root mean square (RMS) values of inclination and displacement derived from accelerations and angular rate measurements. The inclination-displacement ratio from monitoring data is compared with that from predictive analysis. In predictive results, a free vibration analysis is conducted as described in the section above. The soil stiffness model can be 'verified' by comparing the BOP stack inclinationdisplacement ratio obtained from measurements and analysis. BOP stack inclination and displacement at the logger location is shown in Figure 2 . 
Case Study -Instrumented Drilling Riser in 354 ft
A drilling campaign with field measurements is selected for soil model verification. In this case study, the drilling rig was operating in a water depth of approximately 354 ft. The riser stack-up as shown in Figure 3 , consists of 75-ft long riser joints with 21 in OD and 0.625 inch wall thickness. The riser was filled with 11.7 ppg mud weight. The buoyancy diameter is 54.6 inch.
The monitoring system includes a total of two (2) motion loggers, one on the LMRP and one on the riser 39.2 ft above the lower flex-joint. The LMRP logger is located 19.7 ft below the base of buoyant joint and the riser logger is installed 32.8 ft above the buoyant joint. Data logging is carried out continuously with a sample rate of 10 Hz. The logger sensors measure the accelerations in two perpendicular directions and the angular rates in two planes.
The best estimate (BE) and upper bound (UB) soil parameters for the well location are given in Table  1 and Table 2 , respectively. For the verification analysis the API (2011) and Zakeri et al. (2015) soil models are considered. The resistance-displacement relationships at 18 ft below mudline for API model based on best estimate soil properties and Zakeri et al. (2015) model based on best estimate and upper bound soil properties are shown as an example in Figure 4 . Zakeri et al. (2015) model includes stiffer soil springs than API model for small displacements.
The RMS accelerations are calculated using riser and LMRP logger data and compared with the significant wave heights as shown in Figure 5 . During the monitoring period, a maximum significant wave height of 8.8 ft was observed. The RMS accelerations are in a good agreement with the significant wave heights, which indicate that the riser response is governed by the wave induced motions. Learn more at www.2hoffshore.com
Soil Model Verification Results
The BOP stack inclination-displacement ratios from measurements and from analysis with API and Zakeri et al. (2015) soil models are shown in Figure 6 . The ratio for measured data is calculated for each of the one (1) hour measurements. The average ratio obtained from measurements is 0.19 m/deg. The ratio from analysis with API soil model is 0.24 m/deg while the ratio with Zakeri et al. (2015) soil model is 0.19 m/deg. The ratio with API soil model is approximately 26% higher than the ratio from measured data.
The ratio from analysis with API soil model shows that the model is too soft since for the same BOP inclination, the BOP displacement is larger than measured. Comparison of the displacements in Figure  4 and Figure 6 indicates that the importance of capturing soil stiffness at small displacements. In this case, the displacements measured at the BOP level were between about 1.5 mm and 8 mm. This translates to even smaller displacements in the seabed. The API model is not resolute enough to describe soil stiffness at such level of displacement. Further, even the use of upper bound properties with the API model would not have made major improvement in the predictions. The ratio from analysis with Zakeri et al. (2015) soil model matches the measurements indicating that the Zakeri et al. (2015) soil model best represents the soil stiffness and resulting conductor system curvature and stress response. 
Soil Impact on Wellhead Fatigue from Measurements
The effect of the soil P-y model on wellhead fatigue is investigated. Conductor fatigue response is determined using motion measurements and transfer functions generated from analysis as described above. This is done using both the API and Zakeri et al. (2015) soil models. As noted above, the API (2011) soil model is considered to be too soft whilst the Zakeri et al. (2015) soil model is deemed to provide a good representation of the soil dynamic stiffness.
The difference in the fatigue response determined from measurements is shown in Figure 7 and Figure 8 for the two soil models. The results indicate that the soil models considered have a large impact on the wellhead fatigue above the mudline as shown in Figure 7 . The fatigue damage rates calculated with the transfer function generated from analysis with the API soil model underestimates the fatigue in the conductor above the mudline by a factor of 20 when compared with the fatigue determined using the upper bound soil properties with the Zakeri soil model. It is also observed that the fatigue damage rates from both models show a good correlation with significant wave heights.
The impact of soil P-y model on fatigue for conductor and casing above and below the mudline are also investigated as shown in Figure 8 . The fatigue life is calculated by considering the entire monitoring period and assuming measured response is continuous. The fatigue life is also calculated for conductor and casing below the mudline. For the drilling riser and wellhead system investigated in this paper and the monitoring period considered, the API soil model underestimates the fatigue life below the mudline by a factor of 4,000 compared to the Zakeri soil model as shown in Figure 8 . 
Summary and Conclusions
Subsea wellhead fatigue analysis utilizes P-y soil springs to calculate fatigue. A reliable P-y soil model is important for an accurate analysis to assess the integrity of the subsea wellhead. In this paper, monitoring data is utilized as a tool to assess the accuracy of the soil model and its effect on the fatigue analysis.
The paper demonstrates that the soil model stiffness can be verified by comparing the BOP stack inclination-displacement ratio between measured and analysis. Two soil models, the API (2011) and Zakeri et al. (2015) models, are investigated in a case study for drilling riser operating in 354 ft water depth and instrumented with two sensors. For the case studied, analysis with Zakeri et al. (2015) soil models show a good match in the BOP stack inclination-displacement ratio with that of from measured data. The BOP stack inclination-displacement ratio for analysis with API soil model is 26% higher compared with the measured data indicating that the API (2011) soil model is too soft. This demonstrates the importance of estimating soil stiffness at small displacements.
Whilst the conductor fatigue response from analysis is affected by the soil model, this paper demonstrates that the fatigue response derived from measurements is also impacted. Hence, verification and calibration of the soil model used to derive fatigue from motion measurements is essential for reliable wellhead and conductor integrity monitoring. For the case investigated here, the fatigue life for the API soil model is overestimated by a factor of 20 for conductor and casing above the mudline. For conductor and casing system below the mudline, the fatigue life is underestimated by a factor of 4,000. The results of this monitoring program are a step forward in better understanding of the dynamic response of offshore well systems. More field monitoring programs are recommended in different environments and soil conditions to develop a thorough understanding of the system response and to validate predictive models.
